coarse-grained model ͉ fully atomistic simulation ͉ HslU ͉ molecular dynamics ͉ multiple basin model A denosine 5Ј-triphosphate (ATP)-driven molecular motors that translocate substrate macromolecules are ubiquitous in all cells. Many of them function as ring-shaped hexamers, where the substrates are threaded into the central pore of the ring. They include translocators of duplex DNAs, those of single-stranded nucleic acids, and those that move polypeptide chains (1, 2). Despite their diverse cellular functions, they have similar structures and biophysical functions, suggesting some underlying common working mechanisms. Indeed, many of these motors are members of the AAAϩ superfamily sharing some sequence/ structure features (3). Here, we studied the structure-based mechanisms of HslU (heat shock locus gene products U), one of the hexameric AAAϩ ATPases that translocate substrate polypeptides.
A denosine 5Ј-triphosphate (ATP)-driven molecular motors that translocate substrate macromolecules are ubiquitous in all cells. Many of them function as ring-shaped hexamers, where the substrates are threaded into the central pore of the ring. They include translocators of duplex DNAs, those of single-stranded nucleic acids, and those that move polypeptide chains (1, 2) . Despite their diverse cellular functions, they have similar structures and biophysical functions, suggesting some underlying common working mechanisms. Indeed, many of these motors are members of the AAAϩ superfamily sharing some sequence/ structure features (3) . Here, we studied the structure-based mechanisms of HslU (heat shock locus gene products U), one of the hexameric AAAϩ ATPases that translocate substrate polypeptides.
HslU is part of the bacterial energy-dependent proteolytic complex HslUV, a homologue of eukaryotic proteasome (4) (5) (6) , which degrades the cell division inhibitor SulA (7, 8) and the heat shock sigma factor 32 (9) . HslUV functions as the cylindershaped complex that one or two (HslU) 6 bind to (HslV) 12 (Fig.  1A) . Many of the in vitro experiments revealed that HslU unfolds substrate proteins at its narrow pore that only a single stretched peptide can pass through and then HslU translocates the unfolded substrates into the degradation chamber of HslV ( Fig. 1 A-C) (10) (11) (12) (13) (14) (15) . In addition, the structure of HslUV is characterized; indeed, HslUV is the only one energy-dependent protease for which the entire structure is known (10) (11) (12) (16) (17) (18) (19) . These together make HslU an ideal target for studying detailed mechanisms of translocation by molecular simulations. To date, however, no simulation study of HslU has yet been reported. Here, we performed multiscale molecular dynamics (MD) simulations of HslU to understand how substrates are translocated unidirectionally.
The substrates are translocated through the narrow pore of HslU, which consists of the highly conserved GYVG (Gly-90-Tyr-91-Val-92-Gly-93) motif. Some mutations at the pore had fatal effects on the protease activity of HslUV (15, 16) . For a homologue, ClpX, the GYVG pore was shown to grip its substrate (20) . The GYVG pore undergoes a large-amplitude motion among the conformations of HslU determined in several nucleotide states, which are linked to each other by a hinge motion (17, 18) . The GYVG pore is the most open and the central Tyr-91s take the ''up'' conformations (up means the most distant from the HslV side) when three of six subunits bind nucleotides (the red structure in Fig. 1D ) (11) . Thus, we call this structure the ''open-up'' (OU) form. The other extreme, the ''closed-down'' (CD) form, is the one where all six subunits bind nucleotides, and it has the closed pore and the down conformations of Tyr-91s (the blue structure in Fig. 1D ) (see Materials and Methods and SI Appendix for details) (18) . These apparently suggest that, during the motions from the OU to the CD forms, Tyr-91s grip a substrate and move it downward (18) . Yet, two questions arise.
The first question involves the interactions between the GYVG pore of HslU and the substrate. How does the GYVG pore of HslU grip the substrate? Because the interactions are sequence-specific, the atomistic analysis is indispensable. We conducted fully atomistic simulations investigating details of the interactions between HslU and the N-terminal segment of Arc repressor, a known substrate for HslUV (13) . The simulations showed that the GYVG pore is too narrow for the substrate to slip in both the OU and the CD forms of HslU. Tyr-91s and Val-92s were indicated to grip the substrate, and their grip strength was conformation dependent: The grip was firm in the CD form and loose in the OU form.
If HslU grips the substrates in both the OU and CD forms and exerts the up-down motions, how does HslU translocate the substrates unidirectionally, instead of the up-down motions? This is the second question. Because, ATP hydrolysis cycle is far beyond in time scale of the current reach of atomistic simulations, the insights obtained by the above atomistic simulations were transferred into a coarse-grained (CG) model. CG models have been used for simulating large-amplitude motions of proteins and molecular motors (21) (22) (23) (24) . Using the CG model of HslU with a substrate polypeptide, we simulated multiple ATP cycles, leading to the unidirectional translocation of the substrate. The unidirectional translocation was produced by the paddling motions of Tyr-91s: the downward stroke of Tyr-91s with the gripped substrate during the OU 3 CD transition and the upward return with the substrate slippage during the CD 3 OU transition. These mechanisms may be shared by other protease-associated ATPases that have the GYVG motif.
Results

Interactions Between HslU Pore and Substrate Revealed by Fully
Atomistic Simulation. A hexameric HslU with a substrate, which was embedded into explicit water solvent, was simulated by the fully atomistic MD (see Materials and Methods and SI Appendix for details). Simulations were conducted for both the OU and CD conformations of HslU. In each case, the entire chains of HslU were used, where the HslU structure except for the pore region and its neighbor was constrained to the corresponding X-ray structure throughout the simulations (HslU was aligned so that the symmetric axis was parallel to z axis and the HslV side corresponded to the negative direction). As a substrate, the N-terminal 12-residue fragment of Arc repressor (13) was prepared in an extended form. Then, as the initial settings of the simulations, the substrate was forcibly threaded into the HslU pore, where the N terminus of the substrate was directed to the HslV side (HslV was not included in the simulations) and the N-terminal three residues were out of the HslU pore ( Fig. 2A) . Performing three simulations of 4-ns long for both the OU and CD forms, we investigated the mobility of the substrate in both forms. The mobility was monitored by the z coordinate of the N terminus of the substrate, which was set to 0 at the start.
In the simulations, the substrate did not move significantly in both the OU and the CD forms of HslU (green and red lines in Fig. 3A) . As a control, the same substrate was simulated in bulk water without HslU for 4 ns (blue lines in Fig. 3A ). Not surprisingly, the substrate in bulk water largely fluctuated and moved diffusively. Thus, at least in the 4-ns scale, motions of the substrate in HslU were highly constrained by the pore in both the OU and CD forms. Next, to investigate how the constraint differs between the OU and CD forms, we weakly pulled the N terminus of the substrate toward the direction of HslV (the Ϫz direction) by using the same setup as for the above simulations. In the CD form of HslU, the substrate moved slightly and stopped for all five trajectories (red lines in Fig. 3B ). Conversely, in the OU form, the substrate passed through the pore for three of five trajectories (green lines in Fig. 3B ; the complete exit corresponds to z Ϸ Ϫ30 Å in Fig. 3B) .
We inspected the structures in the trajectories (see Movie S1 and Movie S2). In the CD form (Movie S1), at z ϭ Ϫ10 ϳ Ϫ15Å, the backbone kink at Pro-8 (magenta) of the substrate collided with Val-92 (green) and Tyr-91 (blue) of the HslU pore and the long side chains of Lys-6, Met-7, and Gln-9 clogged the GYVG pore. At z ϭ Ϫ15 ϳ Ϫ20 Å (a representative structure in Fig.  2B ), the backbone kink at Pro-8 (magenta) contacted with Tyr-91(blue), and Phe-10(red) in the substrate started to stick to the GYVG pore. In the OU form (Movie S2), the substrate The OU form of (HslU) 6 viewed from the substrate entrance side. Tyr-91s (pink) form the pore. (C) The side view of HslU. For clarity, only four subunits are shown. The substrates enter the HslU pore from the top and are translocated to the bottom, the HslV side. (D) Structures around the GYVG motif in the OU (red) and CD (blue) forms are superimposed by fitting the 214th residues that are at the binding interface to HslV. For clarity, only two subunits are shown. Residues 80 -100 are drawn in the backbone mode, except that Tyr-91s are in the spacefill mode. Fig. 3B ). (C) A snapshot structure paused at near z ϭ Ϫ10 Å in the OU-form HslU with the pulling force (the green arrow in Fig. 3B ). In the HslU pore, Tyr-91s are in blue, Val-92s in green, and Gly-90s and Gly-93s in yellow. In the substrate, Pro-8 is in magenta and Phe-10 in red. The bottom is the HslV side. Some residues of the pore region are omitted. paused at particular few positions in most trajectories. The most marked one was at z ϳ Ϫ 10 Å, where the pore region contacted with the kink of Pro-8, the long side chains of Lys-6 and Met-7, and the large side chain of Phe-10 ( Fig. 2C) .
These simulation results show that the GYVG pore is too narrow for the substrate to slip in both the OU and CD forms. Tyr-91s and Val-92s in the GYVG motif play important roles for the grip, which is in harmony with the recent experiment on ClpX (20) . The strength of the grip depends on the HslU conformations. The GYVG pore grips the substrate firmly in the CD form and loosely in the OU form. In addition, the grip depends on the local structure of the substrate: The backbone kink, long side chains, and hydrophobic side chains markedly contributed to the grip. These results remind us that substrates containing glycine-alanine repeat, substrates with contiguous smaller side chains, impaired their digestion by proteasome (25) .
Conformational Transitions of HslU Simulated by CG Model Exhibited
Large-Amplitude Motions of Tyr-91s. We conducted CG MD simulations of the conformational transitions between the OU and CD forms of the hexameric HslU. Previously, we simulated the rotary motion of F 1 -ATPase by using a CG model (21) . Here, in contrast to the previous model, we used the multiple-basin (MB) CG model (22) that enables us to describe thermally activated conformational transitions of proteins. The model concisely represents the energy landscape of a protein that is overall funnel shape and the bottom of the funnel possesses multiple energy basins (26, 27 ). In the model, each amino acid of HslU is represented by a single sphere located on the position of the C ␤ atom, and the energy function V MB (R Խ X OU , X CD , ⌬V bias ) of a simulated structure, R, possesses two energy basins, which correspond to the OU structure, X OU and the CD structure, X CD (Fig. 4A) . The relative stability between two basins can be controlled by the parameter ⌬V bias (see Materials and Methods and SI Appendix).
The cycle of conformational transitions of HslU powered by the ATP hydrolysis is realized by changing the bias parameter ⌬V bias . We started the simulation from the structure in the OU form with ⌬V bias ϭ ⌬V CD-biased , by which the CD state was more stable and the structure changed to the CD form at the very beginning of the simulation. At the 4 ϫ 10 4 time step, we switched the bias ⌬V bias to ⌬V OU-biased . This switching stabilized the OU state, inducing the conformational transition to the OU state. By the switching, we inputted energy into the simulation system. The reverse conformational transition was induced at the 8 ϫ 10 4 time step by returning the bias from ⌬V OU-biased to ⌬V CD-biased . We regard a cycle of conformational transitions between the OU and CD forms in 8 ϫ 10 4 time steps as a single cycle of ATP hydrolysis of HslU. The 214th residues of HslU at the binding interface to HslV were fixed, and HslU was aligned so that the symmetric axis was parallel to the z axis and the HslV side corresponded to the negative direction. Upon the conformational changes of HslU, Tyr-91s underwent large-amplitude (Ϸ14 Å) up-down motions monitored by the average of their z coordinates ( Fig. 4B ; z ϭ 0 corresponds to the OU form), which were achieved not only by the flip-flops of Tyr-91's side-chains but by the also backbone movements of the GYVG pore. At the same time, the conformational changes of Tyr-91s induced the pore-radius changes from 6.7 to 10 Å (Fig. 4C ). The pore radius was measured at Tyr-91s (see SI Appendix). These results show that the CG model can recover the conformational transitions between the OU and CD forms.
Unidirectional Translocation Realized by Conformational Transitions
of HslU. Next, a substrate, represented by single sphere per amino acid, was included to the simulation system, and the same cycles of the HslU conformational transitions as above were simulated. In the simulations, we fixed the substrate molecule on the z axis in an extended form, which played the role of a rail, and the substrate rail was encircled by the HslU ring. HslU was placed at the middle of the rail (z ϭ 0) at time 0 (see Fig. 5A and Materials and Methods). By this setting, we could eliminate the effect of the substrate chain entropy on the translocation, which made the problem simpler. The interactions between HslU and the substrate rail were steric repulsion and hydrophobic attraction (Tyr-91s and Val-92s of HslU and all of the substrate residues were regarded as hydrophobic). Because the fully atomistic MD suggested that the GYVG pore grips the threaded substrate in both the OU and CD forms, we set an appropriate attractive range of hydrophobic interactions of Tyr-91s (Val-92s) as 10 Å (8 Å) from the C ␤ and the radius of steric repulsion of Tyr-91s (Val-92s) as 8 Å (6 Å), which enabled a grip similar to that in the fully atomistic MD.
During the multiple cycles of the conformational transitions, we monitored the HslU movement along the rail, finding that the unidirectional translocation of HslU in all independent simulations ( Fig. 5B and Movie S3). This unidirectional translocation was surprising because the iterative up-down motions of Tyr-91s and their grips on the rail apparently lead HslU to move up and down only at near the initial position. In each cycle of conformational transitions (black lines in Fig. 5 C and D) , the movements of HslU were stochastic (red lines in Fig. 5 C and D) . However, as longtime behavior, HslU moved unidirectionally in all trajectories with the average rate of Ϸ3 Å per cycle. We emphasize that no force pulling HslU unidirectionally by design was applied. To decipher which processes in the cycle play what roles, we divided a cycle into four periods: (i) the period dwelling in the OU form (the OU dwell), (ii) the conformational change period from the OU to the CD forms (the OU 3 CD period), (iii) the CD dwell, and (iv) the CD 3 OU period. We investigated the HslU movements in each of the four periods ( Fig. 5E ; the histograms of the HslU movements in z direction in each period). First, both dwells did not show significant bias in the histograms (Fig. 5E ). The fluctuation in the OU form was slightly larger than that in the CD form, which is consistent with the grip strength observed in fully atomistic MD results. The OU 3 CD period produced the forward bias (Fig. 5E) , suggesting that the power stroke was exerted in this period by the GYVG pore. Conversely, the CD 3 OU period did not produce significant bias (Fig. 5E) . Namely, no backward bias was produced, which suggests that HslU slipped on the rail substrate at this period. The difference in the bias between the OU 3 CD and the CD 3 OU periods resulted in the unidirectional translocation of HslU.
Next, to elucidate the roles of Tyr-91 and Val-92 in the GYVG pore for the unidirectional displacement, two mutational simulations were carried out. (i) The six Tyr-91s were mutated to smaller and nonhydrophobic amino acids (like Ser), which reduced the steric hindrance and deleted the attractive interactions with the substrate. The mutant showed little, if any, ability of the translocation (black lines in Fig. 5F ). (ii) The six Val-92s were changed to nonhydrophobic ones with the same residue size (red lines in Fig. 5F ). As the result, the mutant at Val-92s moved unidirectionally with the same rate as the wild type. Experimentally, the degradation activity for SulA was impaired for the mutant Tyr-91-Ser of HslUV, but was mostly retained for the Val-92-Ser mutant (15) .
We then performed the simulations with a rail substrate thinner than the rail used in the previous simulations (see Materials and Methods) . The thin rail tried to mimic the substrates made of small amino acids, such as Gly and Ala. As the result, the unidirectional movements of HslU were still observed in all five trajectories, but it became much slower with the average rate Ϸ0.7Å per cycle (black lines in Fig. 5G ). These simulation results remind us that the substrates containing Gly-Ala repeats impair their digestion by proteasome (25) .
The simulations described so far assumed that all six HslU subunits made conformational transitions between the OU and CD forms simultaneously, but this assumption is not imperative. In fact, when we allowed only four HslU subunits to change the conformations between the OU and CD forms, the translocation occurred with the average rate of 2.2 Å per cycle (red lines in Fig.   5G ). The rate per cycle was smaller than that of the wild type, but notably, the rate per the number of consumed ATPs was almost identical to that of the wild type. The same tendency was observed in the experiment of ClpX (28) .
Finally, we also performed the translocation simulations by the opposite setup. The hexameric HslU was spatially fixed at its interface to HslV, whereas the substrate threaded into the HslU pore was free to move. Except this difference, using the same simulation protocols as above, we monitored the translocations of the substrate (see Fig. S1 ). The substrate translocations to the HslV side were observed over long simulations, although the translocations were more stochastic and less efficient because of the chain entropy effect of the substrate.
Paddling Motions of Tyr-91s Produce Translocation. Toward the elucidation of molecular mechanisms of the translocation, the immediate question is why Tyr-91s grip the substrate firmly in the OU 3 CD transition but slip on the substrate in the opposite transition. To address this question, for the above simulation where the wild-type HslU was translocated unidirectionally along the rail substrate (Fig. 5B) , we plotted the trajectories of Tyr-91 on the radius-z plane: the pore radius on the horizontal axis and the up-down displacement (z) of Tyr-91 on the vertical axis (Fig. 6A) . As before, each cycle was divided into four periods. In Fig. 6 , the movements in each period are drawn in a different color: the OU dwell in red, the OU 3 CD period in yellow, the CD dwell in blue, and the CD 3 OU period in green. We found that Tyr-91s followed the different pathways of the conformational changes between the OU 3 CD and the CD 3 OU transitions. On the OU 3 CD transitions, Tyr-91s approached the substrate closer than those on the CD 3 OU. Namely, in both transitions, the pore-radius change proceeded three to six times faster than the up-down motions of Tyr-91s (see Fig. S2 ), which resulted in the anticlockwise rotations of the trajectories on the radius-z plane. During these rotary motions, Tyr-91s exert the downward stroke for the substrate translocation and return upward with slipping on the substrate, which we call the paddling motions of Tyr-91s. The paddling motions clearly explain the unidirectional translocation.
The anticlockwise rotary motions of Tyr-91s were also observed in the simulations of conformational changes of HslU without the substrate (Fig. 6B) , suggesting the paddling motions are inherent features of HslU.
Origin of the Paddling Motions: The Time-Scale Difference Between
Intrasubunit and Intersubunit Motions. Seeking origin of the paddling motions, we investigated why the pore-radius change proceeded faster than the up-down motions of Tyr-91s. For the purpose, we separated the interactions in hexameric HslU into two parts: intrasubunit and intersubunit interactions. We conducted two sets of simulations of HslU without the substrate. In the first set of simulations, we induced the OU 3 CD transition in two sequential steps: (i) the intrasubunit conformational change (yellow in Fig. 6C ), and then (ii) the change of interface between subunits (blue in Fig. 6C ), and then induced the CD 3 OU transition in the two sequential steps: (iii) the intrasubunit conformational change (green), and finally (iv) the change of interface between subunits (red). This first set of simulations led to the anticlockwise rotations on the radius-z plane (Fig. 6C) . In the second set of simulations, we reversed the order of the two sequential steps in both the OU 3 CD and CD 3 OU transitions; the transitions were proceeded in the order of ii, i, iv, and iii, which showed Tyr-91s trajectories rotated clockwise on the radius-z plane (Fig. 6D) . These results suggest that the intrasubunit (intersubunit) changes are correlated with the pore-radius change (the up-down motions). In reality, both the intrasubunit and intersubunit changes are initiated simultaneously upon the nucleotide state change. If the intrasubunit motions are faster than the intersubunit motions, Tyr-91s rotate anticlockwise on the radius-z plane, which is consistent with our simulations (Fig. 6B) . Thus, the origin of the paddling motions of Tyr-91s is attributed to the time-scale difference between the intrasubunit and intersubunit motions.
Discussion
The simulations elucidated that the unidirectional translocation of the substrate was realized by the paddling motions of Tyr-91s in the pore of HslU (Fig. 6E) . Starting from the OU form (Fig.  6E Upper Right) , Tyr-91s, the paddles, first grip the substrate by closing (Fig. 6E Upper Left) , which is followed by the downward stroke to push the substrate (Fig. 6E Lower Left) . Upon the return, Tyr-91s first open to lose the firm grip (Fig. 6E Lower  Right) , and then move upward to the OU form without pushing back the substrate. This asymmetry of the Tyr-91 motions (Fig.  6 A and B) is an essence of the function derived from the difference between the time scale of the pore-radius change and that of the up-down displacements of Tyr-91s. The former (the latter) is linked to the intrasubunit (intersubunit) motions and is faster (slower) (Fig. 6 C and D) .
Next, we discuss the ATP hydrolysis cycles and the structure changes in HslU, which are currently rather unclear (14) . In most of our simulations, we assumed the concerted model: all subunits in hexameric HslU change their conformations simultaneously during ATP cycles. However, in the middle of our study, Sauer's group (14) reported that HslU binds three or four ATP molecules at saturation, supporting the probabilistic model: each subunit independently hydrolyzes ATP and changes its structure. The result also suggested that the structure binding 4 nucleotides [Protein Data Bank (PDB) ID code 1DO0] (11) is a candidate structure to be used in simulations. Inspired by their work, we tried to test whether the paddling mechanism is applicable to the probabilistic model. The structure 1DO0, however, has the completely filled pore, making it difficult for the substrate to be threaded into the pore in simulations. Instead, still using the OU and CD forms as references, we conducted the simulations where only four subunits make conformational transitions, which resulted in the unidirectional translocation (red lines in Fig. 5G ). This result indicates that the paddling mechanism should be applicable to the probabilistic model and is in harmony with the implication that ClpX works under asymmetric ATP cycles (28). Trajectories of Tyr-91s during the ATP cycles with (A) and without (B) the substrate were drawn in the radius-z plane: the average of z coordinates of Tyr-91s and the pore radius of Tyr-91s. Each cycle was divided into four periods: (i) the OU dwell (red), (ii) the OU 3 CD period (yellow), (iii) the CD dwell (blue), and (iv) the CD 3 OU period (green). (C and D) Trajectories of Tyr-91s when the changes in the intrasubunit and intersubunit interactions were induced separately and sequentially in the following order: for C (i) the change in the intrainteractions for the OU 3 CD transitions (yellow), (ii) the change in the interinteractions for the OU 3 CD (blue), (iii) the change in the intrainteractions for the CD 3 OU (green), and (iv) the change in the interinteractions for the CD 3 OU (red); for D (i) the change in the interinteractions for the OU 3 CD (yellow), (ii) the change in the intrainteractions for the OU 3 CD transitions (blue), (iii) the change in the interinteractions for the CD 3 OU (green), and (iv) the change in the intrainteractions for the CD 3 OU (red). (E) The paddling motion of Tyr-91 between the OU and CD states.
Yet, further simulations should be performed based on the availability of other structures.
Finally, the current CG simulations predicted that the unidirectional translocation is realized by the paddling motion, which needs to be verified experimentally.
Materials and Methods
Reference Structures. We used the two reference structures: the OU form with PDB ID code 1DO2 (11) and the CD form with PDB ID code 1G4b (18) . The 1DO2 structure binds 3 nucleotides, and the 1G4b most likely binds 6 nucleotides. Proteins were drawn with PyMOL (DeLano Scientific).
Fully Atomistic MD Simulations. As a substrate, the capped N-terminal 12 residues of Arc repressor, Ac-MKGMSKMPQFNL-NH2, were used because they are known to serve as the signal for HslUV (13) . Initially, the substrate in an extended form was threaded into the HslU pore so that the N-terminal three residues, MKG, were out of the pore at the HslV side. The fully atomistic simulations were performed at T ϭ 350 K by GROMACS 3.3.1 (29, 30) with the OPLS/AA force field (31) for proteins and the TIP4P model (32) for water molecules. The total charge in the simulations was neutralized by Na ϩ or Cl Ϫ . The C ␣ atoms of HslU, except for residues 78 -100, were constrained by harmonic springs to their initial positions. For both the CD and OU forms, after equilibration, 4-ns-long simulations were conducted three times without the pulling force. As a control, the same substrate was simulated in bulk water without HslU under the same condition. Next, the N terminus of the substrate was weakly pulled from the HslV side, and for both the CD and OU forms 4-ns-long simulations were conducted five times. Details are in SI Appendix.
CG MD Simulations.
For the CG simulations, the details are in SI Appendix. In the CG simulations, HslU was represented by beads located at the C ␤ atoms, instead of the C ␣ atoms used in previous works (21, 33) . A stretched substrate used as the rail, which was also represented by one bead per residue, was prepared by connecting 100 residues by virtual bonds with the length 3.8 Å and the dihedral angle around the bond 230°. The angle between two adjacent bonds was set to 130°(150°for the thinner substrate).
The total energy function consists of five terms: (i) V MB HslU is the MB energy function of (HslU) 6 , where the bias parameter ⌬Vbias was set to ⌬VCD-biased ϭ Ϫ3,000 (⌬V OU-biased ϭ ϩ3,000) when the CD (OU) state was more stable. 
SI Appendix
Method details
Reference structures
We used the 2 reference structures for simulations: the open-up (OU) form with the PDB code 1do2(1) and the closed-down (CD) form with 1g4b(2). The 1do2 structure is the trimer of the dimer that contains monomers in the nucleotide-free state and the nucleotide-bound (AMP-PNP) state. The 1g4b structure is most likely to bind 6 nucleotides, perhaps ADPs.
Fully atomistic simulation
We All of the simulations were performed using the GROMACS 3.3.1 (3, 4) . HslU and N-Arc was described by the OPLS/AA force field(5) and solvated in a rectangular or dodecahedron box with TIP4P water molecules (6) . The total charge of the system was neutralized by the addition of counter ion, Na + or Cl -. The electrostatic interactions were described by the particle mesh Ewald (PME) method (7) 
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The initial states of the simulations in the types 1), 2), 4), and 5) were prepared in the following way. First, the substrate, N-Arc, was forcibly threaded into the CD (OU) form of the hexameric HslU ring, where the N terminus of the substrate was directed to the HslV side (HslV was not included in the simulation, though) and the N-terminal 3 residues were out of the HslU pore. Second, the system was minimized with the harmonic positional constraints (k=10 kJ/mol/nm 2 ) on the C α atoms of HslU and the substrate. Third, the system was heated in 4 steps from 0 K to 100, 200, 300 and 350K with 50ps equilibration at each temperature with the same harmonic constraints. Finally, the system was equilibrated at 350K for 100ps with the harmonic restraints for the C α atoms of HslU. The initial setting of the simulation type 3) was identical to the above procedure without the setting of HslU.
The production runs were conducted at 350K for 4ns. The initial velocity of each atom was set up to satisfy Boltzmann distribution at 350K. HslU was constrained by the harmonic forces (k=10 kJ/mol/nm 2 ) for all the C α atoms of HslU except for 78-100 residues, which were located near the pore region. In the simulation types 4) and 5), the N-terminal acetyl carbon of the substrate was pulled from the HslV side (-z direction). The pulling force was applied by the spring with harmonic constant k=50(kJ/mol/nm 2 ), and the origin of the spring was located at -50 Å distant from the initial position of the acetyl carbon.
Coarse-grained (CG) model
HslU was represented by beads located at the C β atoms, in contrast to the previous works (11) (12) (13) where the C α atoms were used. Since the atomistic simulations show the side chains of Tyr-91s and Val-92s grip the substrate, we tried to incorporate the side-chain structures into the CG model by using the positional information of the C β atoms. The substrate used as a rail was represented by one bead per residue (the details are described later.)
The total energy function of the CG model is represented by
where is the multiple-basin energy function of HslU, is the energy function of the substrate, is the excluded volume effect between HslU and the substrate, is the hydrophobic interaction between the substrate and the residues of V MB HslU (R | X OU ,X CD ,ΔV bias )
where R indicates the simulated structure of HslU, and X OU and X CD denote the reference structures in the open-up (OU) and the closed-down (CD) forms (PDB code: 1do2(1) and 1g4b (2)), respectively, which correspond to the structures at the two basins of the energy function. C is a coupling constant between the two potentials and is set to 125.0. ΔV bias modulates the relative stability of the two basins. When we conduct the simulations of conformational transitions from the OU to the CD forms, we switch ΔV bias from 3000, to -3000.
For the reverse transitions, we switch it back from -3000 to 3000.
The funnel-shaped single-basin potential V(R|X ν ) (X ν denotes the reference structure) is based on the off-lattice Gō model that was developed by Clementi et al. for studying protein folding (11) . The potential function of this model consists of the local and nonlocal interactions, and .
The local interactions are represented by
where b i is the bond length between the ith and the (i+1)th C β atoms, θ i is the ith bond angle between the ith and the (i+1)th bonds, and φ i is the dihedral angle around the (i+1)th bond.
Parameters with the subscript ν indicate the values of the corresponding variables in the reference structure ν (ν= OU, CD). The site-specific constants , and K represent the stiffness at a site. If a site undergoes large conformational changes, the values at the site are set to be small, which assumes that the structural strain at the site upon conformational changes is released by breaking fragile local interactions (13) .
They are given by
and,
where the constant values are independent of residue i, ν , which are defined if one of the nonhydrogen atoms in the ith amino acid is within a certain cutoff distance from one and more of the nonhydrogen atoms in the jth amino acid at the reference structure, X ν . The cutoff distance is set to 5.5Å for the native contacts within subunits, and 6.5 Å for those between subunits so that the conformational changes between the OU and the CD forms proceed smoothly. The second term represents repulsive interactions for all native contact pairs, which consist of the native contact pairs at X CD and those at X OU . The last term is repulsion for nonnative pairs: the pairs that are not included in the native contact pairs at any reference structures.
V
substrate is the funnel-shaped single-basin potential consisting of only local interactions and is given by The atomistic simulations elucidated the difference of the grip strength between the CD and the OU forms, thus and were chosen to make the grip at the CD form firm and to make the grip at the OU form loose simultaneously. For this purpose, these parameters of Tyr-91 were determined to be =6.0Å and =10.0Å, since the pore radius measured by six Tyr-91s were 6.7Å in the CD and 10Å in the OU forms (Fig.4C) . The determined and of Tyr-91 were 2Å from the excluded volume distance (D=8.0Å), thus the parameters of Val-92
were also determined to be 2Å from D=6.0Å.
where L i is the distance of the ith residue from its initial position, and c fix = 1.0. For the simulations where the substrate rail was used, the substrate was constrained at every 10 residues and d was set to 1.0. For the simulations where the substrate was translocated, the 214th residues of HslU were fixed and d was set to 3.0.
To perform conformational transitions for four subunits out of the six subunits, we redefined the multiple-basin potential as follows. The hexameric structure of 1do2(1), the OU form, is a trigonal crystal. Based on this symmetry, the 6 subunits, S i (i=1,2,3,4,5, and 6) are divided into the 3 groups, S 1 S 2 , S 3 S 4 , and S 5 S 6 . Then, the multiple-basin potential is given by 
Pore radius defined by Tyr-91s of the six subunits
The pore radius at a time t, Radius(t), is defined by the C β atoms of Tyr-91s of the six subunits, Radius(t) = . CG simulations of substrate translocation. Five trajectories of the simulations where the substrate was translocated by HslU are shown. The hexameric HslU was spatially fixed at its interface to HslV, whereas the substrate threaded into the HslU pore was free to move. The number of the substrate residues that exited from the HslU pore is plotted on the vertical axis along the time. Movie S1. Fully atomistic simulation of substrate, the N-terminal 12 residues of Arc repressor, in the CD form of HslU. The N terminus of the substrate was weakly pulled from the HslV side. The representative trajectory is shown. In the HslU pore, Tyr-91s are in blue, Val-92s are in green, and Gly-90s and Gly-93s are in yellow. In the substrate, Pro-8 is in magenta and Phe-10 is in red. The bottom is the HslV side. For clarification, one subunit of HslU is omitted. Visualization was carried out by VMD (15) .
Movie S2 (MPG)
Movie S2. Fully atomistic simulation of substrate, the N-terminal 12 residues of Arc repressor, in the OU form of HslU. N terminus of the substrate was weakly pulled from the HslV side. The representative trajectory is shown. In the HslU pore, Tyr-91s are in blue, Val-92s are in green, and Gly-90s and Gly-93s in yellow. In the substrate, Pro-8 is in magenta and Phe-10 is in red. The bottom is the HslV side. Visualization was carried out by VMD (15) .
